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'HYHORSPHQWRI+XPDQ)ROORZLQJ0RELOH5RERW6\VWHP
8VLQJ/DVHU5DQJH6FDQQHU
1RUL\XNL.DZDUD]DNL/XFDV7HWVX\D.XZDHDQG7DGDVKL<RVKLGRPH
.DQDJDZD,QVWLWXWHRI7HFKQRORJ\6KLPR2JLQR$WVXJL.DQDJDZD-DSDQ
$EVWUDFW
7KLVSDSHUGLVFXVVHGDKXPDQIROORZLQJPRELOH URERWV\VWHPXVLQJ ODVHU UDQJHVFDQQHU7KH ODVHU UDQJHVFDQQHU LVYHU\XVHIXO
GHYLFHIRUJHWWLQJWKHHQYLURQPHQWDOLQIRUPDWLRQDURXQGWKHURERW:HGHYHORSHGWKHKXPDQGHWHFWLQJDOJRULWKPWKDWWKHODVHUUDQJH
VFDQQHUWRGHWHFWWKHVKLQVRIWKHWDUJHWSHUVRQ:KHQWKHODVHUUDQJHVFDQQHUVFDQVWKHSHUVRQ¶VVKLQWKHVKDSHRIWKHVHFWLRQRIWKH
VKLQVKRZVSDUDERODVKDSHRIWKHFRQYH[EHORZ7KHPRELOHURERWFDQGHWHFWDQGIROORZWKHWDUJHWSHUVRQEDVHGRQWKHSRVLWLRQVRI
ERWKVKLQV6LQFHWKHODVHUUDQJHVFDQQHUGHWHFWVWKHREVWDFOHVWKHV\VWHPKDVWKHFROOLVLRQDYRLGDQFHIXQFWLRQV7KHHIIHFWLYHQHVVRI
RXUV\VWHPLVGHPRQVWUDWHGE\VHYHUDOSHUIRUPDQFHWHVWV
.H\ZRUGV/DVHU5DQJH6FDQQHU+XPDQ'HWHFWLRQDQG)ROORZLQJ0RELOH5RERW+XPDQ5RERW,QWHUDFWLRQ
,QWURGXFWLRQ
7KHGHYHORSPHQWRIURERWVKDVEHHQLPSRUWDQWWRLQGXVWULDOSURGXFWLRQLQFOXGLQJWKDWLQIDFWRULHV,QWHOOLJHQWURERWVDUHH[SHFWHG
WRZRUNFRRSHUDWLYHO\ZLWKSHRSOHLQGDLO\OLIHDQGLQPHGLFDOWUHDWPHQWDQGZHOIDUH,WLVQHFHVVDU\IRUWKHLQWHOOLJHQWPRELOHURERWWR
GHWHFWDQGIROORZWKHSDUVRQWRVXSSRUWKXPDQZRUNV)RUH[DPSOHDQLQWHOOLJHQWFDUJRWUDQVSRUWDWLRQURERWFDUULHVWKHOXJJDJHLQ
SODFHRIDSRUWHUDWWKHDLUSRUW7KHPRELOHFOHDQLQJURERWWRWUDFNWKHVRXQGVRXUFHXVLQJWKHWKUHHPLFURSKRQHVKDVEHHQGHYHORSHG
>@7KHPRELOHURERWV\VWHPIRUWUDFNLQJDQGIROORZLQJPRYLQJSHRSOHXVLQJDQRPQLGLUHFWLRQDOFDPHUDDQGDODVHUZDVGHYHORSHG
>@$ KXPDQ WUDFNLQJ V\VWHP IRU DQ DXWRQRPRXVPRELOH URERW XVLQJ QHXUDOEDVHGPRWLRQGHWHFWRUV KDV EHHQ SURSRVHG >@7KLV
V\VWHPXVHVPRWLRQVHQVRUVEDVHGRQWKHPRWLRQVHQVLWLYHQHXURQVIRXQGLQWKHPHGLDOWHPSRUDODUHDRIWKHSULPDWHEUDLQ7KHWDUJHW
WUDFNLQJV\VWHPIRUDPRELOHURERWXQGHUYDU\LQJLOOXPLQDWLRQXVLQJVWHUHRFDPHUDKDVEHHQSURSRVHG>@7KHSHRSOHWUDFNLQJDQG
ORFDOL]DWLRQIRUVRFLDOURERWXVLQJDQLQIUDVWUXFWXUHRIVHQVRUVHPEHGGHGLQWKHHQYLURQPHQWKDVEHHQSUHVHQWHG>@7KHORFDOL]DWLRQ
RIPRELOHURERWXVLQJLPDJHVE\GLVWULEXWHGLQWHOOLJHQWQHWZRUNHGGHYLFHVKDVEHHQSURSRVHG>@7KLVPHWKRGLVXVHGWKH.DOPDQ
ILOWHULQJ VFKHPH WR HVWLPDWH WKH ORFDWLRQ RI PRYLQJ URERW 7KHPRELOH URERW V\VWHP WKDW KDV IXQFWLRQV RI KXPDQ IROORZLQJ DQG
UHWXUQLQJWRWKHVWDUWLQJORFDWLRQDXWRQRPRXVO\ZKLOHDYRLGLQJREVWDFOHVXVLQJ/5)/DVHU5DQJH)LQGHUDQGFDPHUDZDVGHYHORSHG
>@7KHKXPDQGHWHFWLRQPHWKRGWKDWXVHVRQO\DVLQJOHODVHUUDQJHVFDQQHUWRGHWHFWWKHZDLVWRIWKHWDUJHWSHUVRQZDVGHYHORSHG>@
7KLVSDSHUSUHVHQWHG DKXPDQIROORZLQJPRELOH URERWV\VWHPXVLQJ ODVHU UDQJHVFDQQHU7KH ODVHU UDQJHVFDQQHU LVYHU\XVHIXO
GHYLFHIRUJHWWLQJWKHHQYLURQPHQWDOLQIRUPDWLRQDURXQGWKHURERW:HGHYHORSHGWKHKXPDQGHWHFWLQJDOJRULWKPWKDWWKHODVHUUDQJH
VFDQQHUWRGHWHFWWKHVKLQVRIWKHWDUJHWSHUVRQ7KHPRELOHURERWFDQGHWHFWDQGIROORZWKHWDUJHWSHUVRQEDVHGRQWKHSRVLWLRQVRI
ERWKVKLQV0RUHRYHUWKHPRELOHURERWV\VWHPKDVDFROOLVLRQDYRLGDQFHIXQFWLRQXVLQJWKH/567KHJRDORIRXUV\VWHPLVWKDWWKH
PRELOH URERW FDQ IROORZ WKH ZDONLQJ SHUVRQ LQ WKH QDUURZ VSDFH 7KH HIIHFWLYHQHVV RI RXU V\VWHP LV GHPRQVWUDWHG E\ VHYHUDO
SHUIRUPDQFHWHVWV
+XPDQIROORZLQJPRELOHURERWV\VWHP
:H GHYHORSHG D KXPDQ IROORZLQJ PRELOH URERW V\VWHP XVLQJ ODVHU UDQJH VFDQQHU 7KH RXWOLQH RI WKH KXPDQ IROORZLQJ URERW
V\VWHP LV VKRZQ LQ )LJ 7KLVPRELOH URERW GHWHFWV WKH SRVLWLRQ RI SHUVRQ¶V VKLQV EDVHG RQ WKH GDWD RI ODVHU UDQJH VFDQQHU DQG
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+XPDQGHWHFWLRQDQGIROORZLQJXVLQJ/56
+XPDQGHWHFWLRQXVLQJ/56
7KH/56LVPRXQWHGRQ WKHPRELOHURERWDWWKH>FP@IURPWKHIORRU:KHQWKHSHUVRQVWDQGVWR>FP@LQIURQWRIWKHPRELOH
URERWWKHKHLJKWSRVLWLRQ>FP@RI/56LVWKHSRVLWLRQRIWKHSHUVRQ¶VVKLQV$VVKRZQLQ)LJWKH/56VFDQQLQJGDWDRISHUVRQ¶V
VKLQVVKRZVWZRSDUDERODVKDSHVRIWKHFRQYH[EHORZZKHWKHUWKHSHUVRQFKDQJHVWKHVWDQGLQJSRVLWLRQ,Q)LJWKHGRWWHGFLUFOH
VKRZVWKHVHDUFKDUHDRIWKHSHUVRQDQGWZRSDUDERODVKDSHVRIWKHFRQYH[EHORZDUHWKHVHFWLRQVRIWKHSHUVRQ¶VERWKVKLQV7KH
PRELOHURERWFDQGHWHFWWKHSHUVRQ¶VSRVLWLRQEDVHGRQWKHJHRPHWULFFKDUDFWHULVWLFVRIERWKVKLQV
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)LJ/56VFDQQLQJGDWDRIWKHSHUVRQ¶VVKLQV

$W ILUVW WKHSRLQWVRI/56GDWD DUHJDWKHUHGXS WKHGRPDLQRI WKH JURXS FOXVWHU LQ FRQVLGHUDWLRQRI WKHGLVWDQFHEHWZHHQ WKH
VFDQQLQJSRLQWV7KH WKUHVKROGGLVWDQFHYDOXHEHWZHHQ WZR VFDQQLQJSRLQWV LV GHWHUPLQHGEDVHGRQ WKHGLVWDQFH IURP WKH/56 WR
VFDQQLQJSRVLWLRQ$VVKRZQLQ)LJWKHFOXVWHUEHFRPHVWKHFLUFXPVFULSWLRQUHFWDQJOHRI/56GDWD7KHFDQGLGDWHRIWKHSHUVRQ¶V
VKLQVKLQFOXVWHULVWKHFOXVWHUZKLFKRYHUODSSHGWKHVHDUFKFLUFOHDUHDRIWKHSHUVRQ¶VVKLQ7KHFHQWHURIWKHVHDUFKFLUFOHLV WKH
FHQWHU SRVLWLRQRI WKH WDUJHW SHUVRQ DQG WKH UDGLXVRI LW LV >FP@ LQ FRQVLGHUDWLRQRI WKHSHUVRQ¶V VWHS7KHPRELOH URERW V\VWHP
IROORZV WKHSHUVRQE\PHDQVRI UHQHZDORI WKHSRVLWLRQRI WKH SHUVRQ¶V VKLQV LQ WKH VHDUFK FLUFOH DUHD7KHSRVLWLRQRI WKH WDUJHW
SHUVRQ LV HVWLPDWHG E\ WKH FHQWHU SRVLWLRQV RI WZR VKLQ¶V FOXVWHUV ZKLFK DUH REWDLQHG DW WKH SUHYLRXV SKDVH:H GHWHUPLQHG WKH
FRQGLWLRQVRI VKLQ FOXVWHUZKLFK DUH VKRZQ LQ)LJ7KHVH FRQGLWLRQV DUH GHWHUPLQHG LQ FRQVLGHUDWLRQ RI WKHGHSWK DQGZLGWK RI
FOXVWHUDQGVWHSQXPEHURIVFDQGDWD7KHPLQLPXPVWHSV67PLQDQGWKHPD[LPXPVWHSV67PD[DUHGHSHQGHGRQWKHGLVWDQFHIURP
/56WRWKHFHQWHURIWKHVHDUFKFLUFOHDUHD,IWKHFDQGLGDWHVRIVKLQFOXVWHUDUHRYHUWKUHHWKHV\VWHPVHOHFWVWKHWZRFOXVWHUVZKLFK
DUHWKHQHDUHVWSRVLWLRQVRIWKHFHQWHURIWKHVHDUFKDUHD
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)LJFOXVWHULQJRI/56VFDQQLQJGDWDDQGWKHFRQGLWLRQRIVKLQFOXVWHU


(VWLPDWLRQRIWKHVKLQSRVLWLRQ
7KHSRVLWLRQRIWKHWDUJHWSHUVRQLVHVWLPDWHGE\WKHERWKVKLQSRVLWLRQV+RZHYHUZKHQWKHSHUVRQVWDQGVDWWKHSRVLWLRQRIWKH
ULJKWDQJOHIRUWKHPRELOHURERWRQHOHJLVKLGGHQE\WKHRWKHUOHJ$VVKRZQLQ)LJWKHV\VWHPGHWHFWVRQO\RQHVKLQFOXVWHU7KLV
VLWXDWLRQLVFDOOHGWKHRFFOXVLRQ$WWKHFDVHRIWKHRFFOXVLRQWKHV\VWHPHVWLPDWHVWKHSRVLWLRQRIWKHKLGGHQVKLQSRVLWLRQEDVHGRQ

U
2V
/G
/Z
FOXVWHU
FOXVWHU
VHDUFKDUHD
°
°
¯
°
°
®
­
dd
dd
dd
dd
PD[67/67PLQ67
@P>/G/Z@P>
@P>/G@P>
@P>/Z@P>
FOXVWHUVKLQRI&RQGLWLRQV 】【
2VRULJLQWKHWR
/56IURPGLVDQFHWKHRQGHSHQGPD[67PLQ67
GDWDRIVFDQQXPEHU6WHS/67
:KHUH
458   Noriyuki Kawarazaki et al. /  Procedia Computer Science  76 ( 2015 )  455 – 460 
WKHFROOHFWLRQYDOXH7KHFROOHFWLRQYDOXHRIWKHKLGGHQVKLQLVGHWHUPLQHGWKH>P@ LQFRQVLGHUDWLRQRIWKHSHUVRQ¶VVWHS:H
VXSSRVHGWKDWWKHVDPHVKLQFOXVWHUH[LVWVEHKLQGWKHRQHVKLQFOXVWHU)LJVKRZVWKHFRPSDULVRQRIWKHWZRVLWXDWLRQVZKLFKDUHQR
HVWLPDWLRQFDVHDQGHVWLPDWLRQFDVH$VVKRZQLQ)LJEKLGGHQVKLQLVHVWLPDWHG DQGFHQWHUSRVLWLRQRIWKHSHUVRQ LVREWDLQHG
FRUUHFWO\













)LJ7KHFDVHRIWKHRFFOXVLRQDQRHVWLPDWLRQEHVWLPDWLRQRIKLGGHQVKLQ
)LJ7KHFRPSDULVRQRIWZRFDVHV

'LUHFWLRQDQGVSHHGIRUKXPDQIROORZLQJ
7KHWDUJHWVSHHGDQGWKHGLUHFWLRQRIWKHPRELOHURERWDUHREWDLQHGEDVHGRQWKHFHQWHUSRVLWLRQRIWKHSHUVRQ$VVKRZQLQ)LJ
WKH FHQWHU SRVLWLRQ RI WKH SHUVRQ 3L LV FDOFXODWHG EDVHG RQ WKH FHQWHU SRVLWLRQV RI ERWK VKLQV 7KH PRELOH URERWPRYHV WR WKH
GLUHFWLRQ RI WKH WDUJHW SHUVRQ7KH JRDO SRVLWLRQRI WKHPRELOH URERW LV GHWHUPLQHG EDVHG RQ WKH SHUVRQ¶V SRVLWLRQ DQG WKH RIIVHW
GLVWDQFH )LJ:H VHW WKH RIIVHW GLVWDQFH >P@ LQ FRQVLGHUDWLRQ RI WKHZLGWK RI WKHPRELOH URERW EHFDXVH WKHPRELOH URERW
GRHVQ¶WFROOLGHZLWKWKHSHUVRQ¶VOHJV7KHWDUJHWVSHHGRIWKHPRELOHURERWLVFDOFXODWHGEDVHGRQWKHWDUJHWGLVWDQFH7GDQGWKHVSHHG
JDLQ.J:HGHWHUPLQH WKHVSHHGJDLQ.J LVEDVHGRQ WKHH[SHULPHQWDO UHVXOWV6LQFHZHDVVXPHWKDWWKHSHUVRQZDONVDWWKH
FRQVWDQW DQG RUGLQDU\ VSHHG WKH V\VWHP HVWLPDWHV WKH SHUVRQ¶V SRVLWLRQZKHQ WKH SHUVRQ LV KLGGHQ E\ WKH REMHFWV 7KH SHUVRQ¶V
ZDONLQJVSHHGLVHVWLPDWHGEDVHGRQWKHWHQWLPHVRIWKHPHDQRIWKHVSHHGYDULDWLRQRIWKHSHUVRQ,IWKHWDUJHWSHUVRQZDVKLGGHQ
E\WKHREMHFWV\VWHPHVWLPDWHVWKHSRVLWLRQRIWKHSHUVRQE\WKHSUHYLRXVZDONLQJVSHHG)RUOHVVWKDQWKUHHVHFRQGVWKHV\VWHPFDQ
IROORZWKHKLGGHQSHUVRQ
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)LJ7KHFHQWHUSRVLWLRQRIWKHSHUVRQ)LJ7KHWDUJHWGLVWDQFHDQGGLUHFWLRQRIPRELOHURERW


&ROOLVLRQDYRLGDQFHXVLQJ/56
7KHPRELOHURERWV\VWHPKDVDFROOLVLRQDYRLGDQFHIXQFWLRQXVLQJWKH/56$VVKRZQLQ)LJWKHFROOLVLRQGHWHFWLRQDUHDZKLFK
LVWKHUHFWDQJOHLVFUHDWHGEHWZHHQWKHPRELOHURERWDQGWKHWDUJHWSHUVRQ7KHZLGWKRIWKLVUHFWDQJOHLV>P@,IWKHREVWDFOHVH[LVW
LQWKHFROOLVLRQGHWHFWLRQDUHDWKHV\VWHPGHWHFWVWKHHQGSRVLWLRQRIWKHREVWDFOHZKLFKLVWKHQHDUHVWSRVLWLRQIURPWKHFHQWHUOLQHRI
WKH UHFWDQJOH7KHV\VWHPFUHDWHV WKH FROOLVLRQ DYRLGDQFH DUHDZKLFK LV WKH FLUFOH7KH FHQWHURI WKH FLUFOH LV WKH HQGSRLQW RI WKH
VKLQFOXVWHUV
SHUVRQ¶VFHQWHU
SRVLWLRQ3L
0RELOHURERW
3L7DUJHWSHUVRQ
7G7DUJHWGLVWDQFH

7D7DUJHWDQJHO

*G2IIVHWGLVWDQFH

*RDO
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REVWDFOHDQGWKHUDGLXVRILWLV>P@LQFRQVLGHUDWLRQRIWKHUDGLXVRIWKHPRELOHURERW7KHV\VWHPFDOFXODWHVWKHFROOLVLRQDYRLGDQFH
YHFWRUZKLFKLVWKHWDQJHQWRIWKLVFLUFOH7KHPRELOHURERWIRUZDUGVWRWKHGLUHFWLRQRIWKHFROOLVLRQDYRLGDQFHYHFWRU
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)LJ7KHVLWXDWLRQRIWKHFROOLVLRQDYRLGDQFH  )LJ7KHFROOLVLRQDYRLGDQFHYHFWRU

([SHULPHQWDO5HVXOWV
:HFRQGXFWHGWZRSHUIRUPDQFHWHVWVWRFODULI\WKHHIIHFWLYHQHVVRIRXUV\VWHP
3HUIRUPDQFHWHVW
7KHPRELOHURERWIROORZVWKHWDUJHWSHUVRQZKRZDONVWKHUHFWDQJXODUFRXUVHRIPLQZLGWKDQGPLQGHSWK)RXUVXEMHFWV
WKUHHPHQDQGRQHZRPDQSDUWLFLSDWHG LQ WKHH[SHULPHQW7KHHDFKVXEMHFWZDV WHVWHG WLPHV LQ WHVW7KHH[DPSOHRI WKH
GHWHFWLRQRIWKHSHUVRQ¶VVKLQLVVKRZQLQ)LJ7KH)LJVKRZVWKHH[DPSOHRIWKHWUDMHFWRULHVRIWKHPRELOHURERWDWWKH
SHUIRUPDQFH WHVW$VVKRZQLQ)LJPRELOH URERWPRYHVWKHUHFWDQJXODUFRXUVHDFFRUGLQJ WRWKHPRWLRQRI WKHZDONLQJ
SHUVRQ7KHVXFFHVVUDWHRIWKHSHUIRUPDQFHWHVWLV7KHUHDVRQRIWKHIDLOXUHZDVWKDWWKHPRELOHURERWGLGQ¶WIROORZWKH
SHUVRQDWWKHFRUQHURIWKHWHVWURXWH
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)LJ'HWHFWLRQRIWKHSHUVRQ¶VVKLQ)LJ([SHULPHQWDOUHVXOWRISHUIRUPDQFHWHVW

3HUIRUPDQFHWHVW
7KHPRELOHURERWIROORZVWKHWDUJHWSHUVRQZKRZDONVDORQJWKHWHVWFRXUVHLQWKHURRP7KHWHVWFRXUVHLVVKRZQLQ)LJ7KH
WHVWFRXUVHRISHUIRUPDQFHWHVWLVPRUHFRPSOLFDWHGWKDQRQHRIWKHWHVW7KUHHVXEMHFWVDOOPHQSDUWLFLSDWHGLQWKHWHVW7KH
HDFKVXEMHFWZDVWHVWHGWLPHVLQWKHWHVW$VVKRZQLQ)LJPRELOHURERWIROORZVWKHWDUJHWSHUVRQWRPRYHWKURXJKWKH
QDUURZVSDFH LQ WKHURRP7KHVXFFHVV UDWHRI WKHSHUIRUPDQFH WHVWLV7KHUHDVRQRI WKH IDLOXUHZDVWKDW WKHPRELOH
URERWPLVUHFRJQL]HGWKHOHJRIWKHGHVNWRWKHSHUVRQ¶VVKLQ
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)LJ7HVWFRXUVHRISHUIRUPDQFHWHVW)LJ([SHULPHQWDOUHVXOWRISHUIRUPDQFHWHVW

&RQFOXVLRQV
,QWKLVSDSHUZHGHYHORSHGDKXPDQIROORZLQJPRELOHURERWV\VWHPXVLQJODVHUUDQJHVFDQQHU,QRUGHUWRGHWHFWDSHUVRQZHXVHD
ODVHUUDQJHVFDQQHUZKLFKLVYHU\XVHIXOGHYLFHIRUJHWWLQJWKHHQYLURQPHQWDOLQIRUPDWLRQDURXQGWKHURERW:HGHYHORSHGWKHKXPDQ
GHWHFWLQJDOJRULWKPWKDWWKHODVHUUDQJHVFDQQHUWRGHWHFWWKHVKLQVRIWKHWDUJHWSHUVRQ7KHPRELOHURERWFDQGHWHFWDQGIROORZWKH
WDUJHWSHUVRQEDVHGRQ WKHSRVLWLRQVRIERWKVKLQV7KHVFDQQLQJGDWDRISHUVRQ¶VVKLQVVKRZVWZRSDUDEROD VKDSHVRI WKH FRQYH[
EHORZZKHWKHUWKHSHUVRQFKDQJHVWKHVWDQGLQJSRVLWLRQ:HGHWHUPLQHGWKHFRQGLWLRQVRIWKHVKLQFOXVWHUEDVHGRQWKHJHRPHWULFDO
FKDUDFWHULVWLFVRIWKHSHUVRQ¶VVKLQ7KHPRELOHURERWPRYHVWRWKHGLUHFWLRQRIWKHWDUJHWSHUVRQ7KHSRVLWLRQRIWKHWDUJHWSHUVRQLV
REWDLQHG E\PHDQV RI UHQHZDO RI WKHSRVLWLRQ RI SHUVRQ¶V VKLQV7KH VSHHG RI WKHPRELOH URERW LV FDOFXODWHG EDVHGRQ WKH WDUJHW
GLVWDQFHDQG WKH VSHHGJDLQ0RUHRYHU WKHPRELOH URERW V\VWHPKDVDFROOLVLRQ DYRLGDQFH IXQFWLRQXVLQJ WKH/56:HFRQGXFWHG
SHUIRUPDQFHWHVWVWRFODULI\WKHHIIHFWLYHQHVVRIWKHV\VWHPXVLQJWKH/567KHVXFFHVVUDWHRIWKHSHUIRUPDQFHWHVWLQWKHFRPSOH[
HQYLURQPHQWZDV7KHPRELOHURERWIROORZVWKHWDUJHWSHUVRQWRPRYHWKURXJKWKHQDUURZVSDFH7KHUHDVRQRIWKHIDLOXUH
ZDVWKDWWKHPRELOHURERWPLVUHFRJQL]HGWKHOHJRIWKHGHVNWRWKHSHUVRQ¶VVKLQ,QRXUIXWXUHZRUNZHLQWHQGWRH[SORUHIXUWKHU
WKHSUDFWLFDOLW\RIWKHV\VWHPE\YDULRXVH[SHULPHQWDOVFHQDULRV:HH[SHFWWKDWWKLVKXPDQIROORZLQJPRELOHURERWV\VWHPDSSO\WR
WKHLQWHOOLJHQWFDUJRWUDQVSRUWDWLRQURERW
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